We study the response of the Kitaev spin liquid (KSL) to a local magnetic field perpendicular to the Kitaev honeycomb lattice. The local magnetic field induces a dynamical excitation of a flux pair in the spin liquid and the system can be described by a generally particle-hole asymmetric interacting resonant level model. The dynamical excitation of the flux pair closes the flux gap in the spectrum of the spin correlation function locally for the gapless KSL even from the perturbative response to a weak magnetic field. Beyond the perturbative regime, the p-h asymmetry competes with the magnetic field and results in a rich phase diagram. Moreover, the magnetic field breaks the gauge equivalence of the ferromagnetic and anti-ferromagnetic Kitaev couplings of the ground state and leads to very different behaviors for the two cases. The anti-ferromagnetic case experiences a first order phase transition to the polarized state during magnetization whereas the ferromagnetic case does not. This study can be generalized to the Kitaev model in a uniform magnetic field and may help understand issues in recent experiments on KSL candidates.
I. INTRODUCTION
Quantum spin liquid (QSL) is a strongly correlated system with fascinating properties, such as fractionalization, emergent topological orders, long range entanglement etc. Since its original proposal as resonating valence bond liquid state [1] , the search and study of QSL has attracted great efforts from both the theorectical and experimental side [2] . However, due to the lack of any local order, its identification is extremely difficult [3] . Until about a decade ago, Kitaev proposed an exactly solvable minimal model on a 2D honeycomb lattice, which combines all the features of a QSL yet involves only nearest neighbor interactions on the lattice [4] . This makes it possible to observe the Kitaev spin liquid (KSL) in artifical materials [5] and cold atom systems [6] .
As one of the characteristic features of quantum spin liquid, the KSL exhibits fractionalized excitations of gauge fluxes and matter Majorana fermions [4, 7, 8] . The initiating and probing of such fractionalized excitations often involves the dynamical response of the system [9, 10] . The dynamical structure factor of the pure Kitaev model are known exactly and reveals the characteristic fractionalization of the KSL [7] , e.g., a flux gap in the spectrum of the dynamical structure factor appears even for the gapless KSL. However, the dynamics included in the dynamical structure factor of a pure Kitaev model, which is related to an X-ray edge problem by Baskaran et al [8] , does not involve the dynamics of the flux excitation once the flux is created in the spin liquid. This is not the case for many Kitaev-related models, such as the Kiteav-Heisenberg model [5, 11] , the Kitaev-Γ model [12] .
In recent experimental search for proximate KSL in real materials [9, 10, 18, 19] , the candidates usually include not only Kitaev couplings but also the above Heisenberg or/and Γ interactions [5, [12] [13] [14] [15] [16] [17] , which induces a magnetic order at low temperature in the materials. To suppress the magnetic order, the experiments are often conducted in an external magnetic field [9, 10, 18, 19] . In this case, both the extra interaction and the magnetic field has significant impact on the dynamics of the fractionalized excitations.
In this work, we study the KSL in the magnetic field in a simple but non-trivial case, i.e., the KSL in a local magnetic field applied to a single z bond of the honeycomb lattice. We present an analytic study of the response to the magnetic field in such case in both perturbative and non-perturbative point of view, supplemented by exact numerical renormaliztion group (NRG/RG) method. This simple case allows us to have a full understanding of the dynamics and phase transition of the KSL in the local magnetic field and at the same time reveals many generic features of the KSL behavior in a uniform magnetic filed, which may help understand the behavior of the KSL candidates in current experiments.
Our study reveals that the local magnetic field induces interesting physics in the KSL. The local magnetic field not only excites a pair of fluxes in the KSL, it also introduces a dynamics to the flux pair, which closes the flux gap in the spectrum of the dynamical spin correlation function locally for a gapless KSL even from the perturbative response to a weak magnetic field. This is in contrast to previous conjectures that such gap is robust against weak magnetic field [7, 8] .
The KSL in the local magnetic field is described by a generally p-h asymmetric interacting resonant level model of spinless superconductors. The full dynamics resembles that of a Kondo problem [20] [21] [22] , but has totally different consequences compared to the conventional Kondo problem in metals [20] [21] [22] [23] . The p-h asymmetry plays a critical role for the finite J z case (see models below). It competes with the magnetic field and results in a rich phase diagram in the system.
The magnetic field breaks the gauge equivalence of the ferromagnetic (FM) and anti-ferromagnetic (AFM) Ki- taev couplings of the KSL ground state and the two cases behave very differently in the local magnetic field. The FM couplings favor the magnetization whereas the AFM Kitaev couplings impede the magnetization. Moreover, the AFM case experiences a first-order phase transition to a polarized state at high magnetic field beyond the perturbation theory as manifested by both the MFT and the NRG results whereas the FM case does not.
This work can be generalized to the KSL in a uniform magnetic field and may help understand the problems in the current experiments searching for KSL behaviors in real materials.
II. MODEL
We start by recapitulating the solution of a pure Kitaev model [4] . The Kitaev Hamiltonian describes a highly frustrated nearest neighbor interaction of half spins on a honeycomb lattice and takes the form
where α = x, y, z denotes three bond directions as shown in Fig. 1 and σ α i are the three Pauli matrices on site i. ij α denotes two sites sharing an α bond.
The model is solved by representing the half spins with four Majorana fermionsĉ i ,b [4] . The Kitaev Hamiltonian then becomes
where the bond operator u ij α ≡ ib 2) and is conserved. The ground state entails the gauge invariant quantity W ≡ P laquette u ij α = 1 for all the plaquettes [4] . For convenience, we choose the gauge u ij α = −1 for all the bonds for the ground state in this work. There is then no gauge redundancy left in this work.
The Majorana fermions can be combined into two species of complex fermions: bond fermion χ ij α = i(b α i + ib α j )/2 and matter fermion f r = (c r,A + ic r,B )/2, where r is the unit cell coordinate and A and B are the two sites on the r bond [7, 8] . The ground state Hamilotian has the Bogoliubov de-Gennes (BdG) form when expressed in terms of the matter fermions and describes a spinless p-wave superconductor as
where ξ q = −2Re S q , ∆ q = 2iIm S q and S q = J z + J x e iq1 + J y e iq2 , q 1 , q 2 are the components of q in the q 1 and q 2 direction shown in Fig.1(a) . The Hamiltonian Eq.(3) can be diagonalized by the Bogoliubov transformation a q = u q f q − v q f † −q with u q = cos θ q , v q = i sin θ q , and tan 2θ q =
Im Sq
Re Sq [7] ,
The ground state spectrum of the matter fermion is then
The ground state spectrum and energy does not depend on the signs of J x , J y and J z since changing the sign of J α can be compensated by changing the corresponding u ij α [4] . For convenience, we set J x = J y > 0 in this work in the following. The results do not change for J x,y < 0. For |J z | ≤ 2J x , the ground state spectrum of the KSL is gapless and for |J z | > 2J x , the ground state is gapped [4] . We now consider a local magnetic field h perpendicular to the honeycomb lattice applied to a single z bond of the ground state, denoted as r = 0. The magnetic field Hamiltonian is
χ 0,z fermion as shown in Eq. (5), and thus not only excites a pair of neighboring fluxes W = −1 in the ground state but also introduces a dynamics to the flux pair. For the reason, u 0,z is no longer a conserved quantity, whereas u ij α on all the other bonds are still conserved. We then separate the interaction term on the z bond at r = 0 from the other terms in the Kitaev Hamiltonian and write the full Hamiltonian as
Here (6) describes an interacting resonant level model. The bond fermion χ 0,z acts as an impurity andf r act as itinerant fermions which hybridize and interact with χ 0,z on the site r = 0. The interaction term vanishes for the ground state of the Kitaev model and is non-zero only when there is flux excitation in the system. For convenience, we denote χ 0,z as χ 0 hereafter.
The eigensectors of the Kitaev Hamiltonian with conserved u ij α break the p-h symmetry of the Kitaev model
r spontaneously. This can be seen from the ground state Hamiltonian Eq.(3). The interaction on the z bond reduces to a local potential scattering of f r fermions in the ground state and breaks the p-h symmetry of the normal state except for J z = 0.
The p-h asymmetry of the ground state Hamiltonian H 0 is manifested by the occupation number n f0 of the f 0 fermions. For the Kitaev ground state,
and depends on the ratio J z /|J x,y | as shown in Fig. 1(b) . One can see that n f0 0 = 1/2 for J z = 0 and becomes greater than 1/2 for J z > 0 and less than 1/2 for J z < 0. As |J z /J x,y | increases, the asymmetry increases. The deviation of n f0 from half filling results in an effective positive energy level for the χ 0 fermion that locates in the empty band of matter fermions and thus there is a gap for the flux excitation at J z = 0. For the reason, the ground state has n χ0 = 0 at h = 0 and finite J z . At the two limiting cases J z = ±∞ with h = 0, the ground state has n χ0 = 0 and n f0 = ±1 respectively corresponding to maximum asymmetry.
At J z = 0, the Kitaev model reduces to decoupled one-dimensional chains and its ground state spectrum 0 (q) = ±2J x cos qx 2 , where q x is the component of q in x direction shown in Fig. 1(a) . The density of states (DOS) of the matter fermion quasiparticles in this case is a finite constant at the Fermi level E = 0. The resonant level model Eq. (6) is p-h symmetric and can be mapped to the Toulouse limit of a metallic Kondo problem [23] [24] [25] . At J z = 0 and h = 0, the ground state of Eq. (6) is doublet degenerate corresponding to the χ 0 level empty or occupied. These two states can be considered as the two components of a pseudospin s z = 1/2 − n χ0 . The hybridization of the χ 0 level and f 0 fermions by the magnetic field is relevant with scaling dimension 1/2 at small h and drives the system to the strong coupling (SC) fixed point of a metallic AFM kondo problem at some finite h [21, [23] [24] [25] . The SC fixed point is stable in this case [23] and corresponds to a singlet state with the pseudospin s z fully screened [23, 25] .
However, the situation is very different for finite J z . For |J z | > 0, the Hamiltonian Eq.(6) describes a p-h asymmetric interacting resonant level model of a superconductor. Particularly, in the case 0 < |J z | ≤ 2J x,y the spectrum of the ground state Kitaev Hamiltonian H 0 is gapless and the DOS of the matter fermions vanishes linearly with energy near the Fermi level [4] . The exact mapping between the resonant level model and Kondo model is lost in this case. The dynamics of the former still resembles that of a Kondo problem, but with one species instead of two spin components [20] . Such pseudogap Kondo problems had been extensively studied in previous works [27] [28] [29] and the p-h (a)symmetry was found to play a critical role in the system. Due to the linearly vanishing DOS of matter fermions, the resonant level model Eq.(6) in the Toulouse limit (i.e., non-interacting limit) has dramatically different consequences in comparison with the case of J z = 0. The hybridization between the χ 0 level and the matter fermions is now marginally irrelevant and there is no screening of the χ 0 level in the Toulouse limit in this case [27] [28] [29] . Beyond the Toulouse limit, the interaction at finite J z drives the χ 0 level to positive energy which further increases the p-h asymmetry and decreases the effective coupling between the χ 0 and f 0 fermion thus tends to drive the RG flow near the SC fixed point further away. The SC fixed point at J z = 0 and finite h is then unstable even under the perturbation of a small J z in Eq. (6) .
On the other hand, a high magnetic field tends to restore the p-h symmetry because the magnetization is maximum at half filling of f 0 and χ 0 . To have a better understanding of the competition between the magnetic field and the asymmetry in the system, we study the response of the KSL to the magnetic field in more details in the following.
III. RESPONSE TO THE MAGENTIC FIELD
The direct response to the magnetic field is the magnetization of the spin liquid. The linear response is related to the dynamic spin-spin correlation function of the bare Kitaev Hamitonian. For the pure Kitaev model, the spin-spin correlation function of an eigensector is nonvanishing only within the bond distance, i.e., σ
. This is because σ When a local magnetic field is applied to a single z bond at r = 0, u ij α is conserved for all the bonds except the bond with the local magnetic field. For the reason, the spin correlation function still satisfies σ α i (t)σ β j (0) ∼ δ αβ δ ij α and is non-vanishing only within the bond distance. Therefore only the spins on the z bond at r = 0 are magnetized.
Perturbative response to the local magnetic field
We first study the perturbative response to the magnetic field. [7, 8] and it was pointed out by Baskaran et al [8] that g 0 s (t) can be treated as an X-ray edge problem. A more detailed study of this X-ray edge problem [7] reveals that the spectrum of this spin correlation function exhibits a gap even for the gapless Kitaev spin liquid. This is clear when one expresses g 0 s (t) as [7] 
Here |0 0 = |M 0 , n χ ij a = 0 is the ground state of the pure Kitaev model which includes a matter fermion sector |M 0 and a bond sector |n χ ij a = 0 . E 0 is the ground state energy of Kitaev model and H 0 + V = H 0 + 2iJ 0 z c 0,A c 0,B differs from the ground state Hamiltonian H 0 by flipping the bond operator u 0,z from −1 to 1. This flipping of u 0,z creats a pair of neighboring fluxes with W = −1 that share the z bond at r = 0. The correlation function g 0 s (t) then describes the propagation of matter fermionf 0 with the presence of a pair of fluxes created at time t = 0 and annihilated at t, and has the same form as the response function of the X-ray edge problem [30] [31] [32] .
The spectrum of g 0 s (t) manifests a flux gap even for the gapless Kitaev spin liquid when expressed in the Lehmann representation: [7] (8) where |λ and E λ are the eigenstates and eigenenergy of the Hamiltonian H = H 0 + V respectively. The gap of spectrum function g 0 s (ω) is then equal to ∆ = E λ − E 0 , i.e., the energy difference of the ground states of the Kitaev model with and without a flux pair. This gap corresponds to the threshold energy in the X-ray edge problems of metals [30] [31] [32] .
A significant difference here from the conventional Xray edge problems in metals is that the spectrum of the response function here shows no singularity above the threshold energy (here is the flux gap) [7] . This is because the linearly vanishing density of states (DOS) of matter fermions near the Fermi level makes the matter fermion correlation function decay as 1/t 2 on equal site (shown in Appendix) instead of 1/t as in ordinary metals [33, 34] 
respectively. The spectrum of this term is then ∼ (ω − ∆) ln(ω − ∆) above the threshold energy in contrast to ∼ ln(ω − ω th ) in a metal [33] . The higher order contributions of V to the X-ray edge response function can be resummed by the linked cluster theorem to an exponential of the zeroth order contribution [33] . For the reason, the spectrum of the response function Eq. (7) here results in no singularity above the threshold energy whereas the corresponding X-ray edge response function in a metal results in a power law singularity ∼ (ω − ∆) −δ , where δ is related to the scattering phase of the electrons by the hole created by the X-rays and is positive. The leading order of the spectrum of Eq.(7) above the flux gap is ∼ (ω − ∆) ln(ω − ∆) and increases almost linearly with (ω − ∆) above the flux gap for gapless KSL as shown in Ref. [7, 35] .
However, the local magnetic field induces a dynamics to the flux pair which the linear response function does not capture. It was shown that the dynamics induced by a uniform magnetic field perpendicular to the honeycomb lattice plane can close the flux gap in the spectrum of the dynamical structure factor of a gapless KSL [34] . Here we show that this result can be generalized to the KSL in a local magnetic field, i.e., a local magnetic field can close the flux gap of a gapless KSL locally. This can be seen by expanding the dynamical spin correlation function up to second order of the magnetic field
The correlation function g s (t) describes two cycles of X-ray edge absorption and emission processes in succession [20, 30] . The asymptotic behavior of g 
can be expressed as
where the potential V (2) (τ ) is a piecewise-constant function of time as follows: V (2) (τ ) = V in the interval (0, τ 1 ) and (τ 2 , t), and V (2) (τ ) = 0 at all the other time. The diagram expansion of the integrandg [33, 34] . Here e C2 = T e
0 is the closed loop contribution and L 2 is the sum of open line diagrams. The asymptotic form of e C2 is e −i∆(τ2−t−τ1) , where ∆ is the energy difference of the ground states with and without the flux pair, i.e., the flux gap. The factor e C2 then raplidly oscillates unless near the points τ 1 ≈ 0 and
The open line diagram L 2 is given by the following equation:
where T... (2) stands for T...e
. Due to the oscillation of the e C2 factor, the main contribution to the integration of g (2) s (t) for large t comes from the regime τ 1 ≈ 0 and τ 2 ≈ t, i.e., a small neighborhood of the boundary of τ = 0 and τ = t. For such time arguments, the external potential V (2) (τ ) as a function of τ turns on only for two short intervals of the order ∆ −1 while the seperation between the pulses is large. In this case, the correlator T... (2) in Eq. (11) reduces to T... 0 times a trivial renormalization factor ∼ 1/J [34] .
The bare correlation function of f 0 fermion for the typical gapless KSL with J z = 0 is obtained in the Appendix
We then get the asymptotic form of g s (t), i.e., the part subtracting the equal time average, is then g (2) s (ω) ∼ ω 3 at low energy. We then see that the gap in the spectrum of the dynamical spin-correlation function on the bond with local magnetic field is closed even in a weak local magnetic field. This is in contrast to conjectures in some previous works that this flux gap of the dynamical spin correlation function is robust against weak magnetic field in a gapless KSL [7, 8] .
Higher order responses of the Kitaev spin liquid to the local magnetic field contain a succession of X-ray edge absorption and emission processes and can be expressed as a determinant of the bare two point correlation function G 0 f0 (τ 1 , τ 2 ) of the matter fermion f 0 [20, 22] . The full dynamics of the Kitaev spin liquid in the local magnetic field resembles that of a Kondo problem [20] . However, in contrast to the Kondo problem in metals, where this determinant has the Cauchy form and can be computed to all orders [20, 22] , the G 0 f0 (τ 1 , τ 2 ) for the gapless KSL is proportional to 1/(τ 1 − τ 2 ) 2 and the corresponding determinant is very difficult to evaluate. For the reason, we turn to a different approach to study the response to the magnetic field beyond perturbation regime in the next section.
Phase transition beyond the perturbative regime
In this section, we study the magnetization of the Kitaev spin liquid due to the local magnetic field beyond the perturbative regime.
(a) J z = 0. The J z = 0 case reduces to an exactly solvable one dimensional system with zero flux gap. The total magnetization on the z bond at r = 0 is
where
(iω n ) from the equation of motion and
2 and β = 1/T . At low energy, the one-dimensional spectrum q ≈ J x (q x − π 2 ) and we get M ∼ h Jx ln Λ h at T = 0 as shown in the Appendix, where Λ ∼ J x is the high energy cutoff. The susceptibility at h → 0 diverges logarithmically as ξ = ∂M/∂h ∼ − ln h indicating the relevance of the hybridization by the magnetic field at J z = 0 and small h. This divergent response is also due to the zero flux gap at J z = 0 which makes the flux excitation and magnetization easy at small h.
(b) J z = 0. For J z = 0, we apply a mean field theory (MFT) analysis to investigate the Hamiltonian Eq. (6) supplemented by NRG method. The latter is regarded as an exact numerical technique. The interaction term in Eq. (6) is decomposed to the Hartree and Fock part at the mean field level as
f 0 are the mean fields representing the average values of the occupation number of f 0 fermion, χ 0 fermion and the magnetization respectively, and will be determined self-consistently. At h = 0, the mean fields m = 0, n χ0 = 0, n f0 > 1/2 for J z > 0 and n f0 < 1/2 for J z < 0 at the ground state. The values of n f0 , n χ0 , m vary with the increase of h. At the mean field level, the f 0 and χ 0 fermions obtain a chemical potential of −4J z n χ0 and −4J z (n f0 − 1/2) respectively from the Hartree term. The Fock term results in an effective magnetic field h eff = h + J z m/2. Since the magnetization m always has the same direction as the external magnetic field h, the FM interaction J z > 0 enhances the effective magnetic field and favors the magnetization whereas the AFM interaction J z < 0 decreases the effective magnetic field and impedes the magnetization. For the reason, the two cases have dramatically different magnetization processes. Fig. 2 shows the plots of n f0 , n χ0 , m and spin correlation function s z 0,A s z 0,B as a function of the magnetic field h obtained from the self-consistent MFT for J z /J x,y = ±1 [26] . The difference between the FM and AFM coupling case is clear from the plots. First, the FM case magnetizes much faster than the AFM case as expected since the FM Kitaev coupling enhances the effective magnetic field. Secondly, the AFM case experiences a first order phase transition at a critical magnetic field h crit with a sharp jump of n f0 , n χ0 , m and s Fig. 2(b) . At the transition both n f0 and n χ0 jumps from smaller than half filling to greater than half filling. The spin correlation function on the z bond with the local magnetic field s [36] .
To check the reliability of the MFT, we performed NRG calculation, which is exact, for the current problem. We obtained the exact values of n f , n χ and m versus the applied field h, as well as the local spin-spin correlation function s z 0,A s z 0,B . The NRG results are shown in Fig. 2 (dashed lines with circles) . We see that the results from MFT and NRG agree with each other very well. The possible reason is that the two-particle excitations are gapped in the presence of the applied field, rendering quantum fluctuations beyond the MFT insignificant. However, we find the single-particle excitation spectrum is quantitatively different, even for h = 0. For example, the χ 0 -fermion excitation gap is roughly J z in MFT, while it is reduced to about 0.26J z in NRG.
From the mean field Hamiltonian, we can see that the phase transition for the case J z < 0 is due to the competition between the magnetic Hamiltonian Eq. (5) and the Hartree and Fock interaction Eq. (14) . At h = 0, n f0 < 1/2 for J z < 0. To lower the Hartree and Fock interaction, n χ0 = 0, m = 0 in the ground state. With the increase of h from zero, n χ0 and m both increases due to the magnetic Hamiltonian. This increases both the Hartree and Fock interaction for J z < 0. To minimize the energy increase of the Hartree term, n f0 increases and becomes closer and closer to 1/2. At some critical value of h crit , this gradual increase of n f0 can no longer compensate the energy increase of the system so n f0 jumps to a value greater than 1/2. This jump of n f0 makes the Hartree energy negative and favors flux excitation so n χ0 also jumps from below 1/2 to above 1/2 accompanied by a transition from AFM spin correlation to FM spin correlation on the z bond with the magnetic field which favors the magnetization. As a result, the magnetization also jumps at the transition as shown in Fig. 2(b) .
As a comparison, for the FM case J z > 0, magnetization increases the Hartree energy yet decreases the Fock energy. The only positive energy is the Hartree energy now. The equilibrium can always be reached by a continuous decrease of n f0 when h increases so there is no phase transition.
We also compared the magnetization curves for different values of J z as shown in Fig. 3 . The |J z | ≤ 2J x,y cases correspond to gapless spin liquid and the J z = ±3J x,y cases are gapped spin liquid. We see that at h → 0, the magnetization curve is sharpest for J z = 0 with a divergent susceptibility ξ = ∂M/∂h as expected. However, as h increases, the magnetization curves for J z = 0 and J z > 0 cross and the J z > 0 cases magnetize faster than the J z = 0 case. For large J z /|J x | 0, the magnetization saturates very fast at small h. This is because the FM interaction enhances the effective magnetic field by J z m/2 at finite m. The FM coupling system is then unstable at J z → +∞ even under a small magnetic field.
The magnetization curves show no qualitative difference between the gapless and gapped spin liquid for |J z | > 0. This is because the p-h asymmetry drives the χ 0 level to the empty band of matter fermions for both cases and the couplings between the χ 0 level and matter fermions have no qualitative difference for the two cases.
We note that at very high magnetic field, both n f0 and n χ0 tends to half filling for both J z > 0 and J z < 0 in Fig. 2 . The p-h symmetry of the Hamiltonian Eq.(6) is then nearly restored at high magnetic field and saturated magnetization.
IV. DISCUSSIONS AND CONCLUSION
We now have a brief discussion of the RG flow of the Hamiltonian Eq.(6). We note that the parameter J z enters both the interaction term and the potential scattering of the bare Kitaev ground state Hamiltonian H 0 in Eq.(6). The two terms have different scaling dimensions and flow in different ways though they have the same bare coupling J z . At the same time, both terms break the p-h symmetry and generate a finite chemical potential for the χ 0 fermion at finite J z . This chemical potential also flows with scaling. The RG flow of the Hamiltonian Eq.(6) is then described by a high dimensional RG diagram in contrast to the two dimensional RG flow diagrams for usual Kondo problems [23, [27] [28] [29] 37] . This complicated RG analysis will be left for a future study.
In conclusion, we studied the dynamics of KSL under a local magentic field on a single z bond perperdicular to the Kitaev honeycomb lattice. The local magnetic field leads to a dynamic excitation of a flux pair, which closes the gap locally in the spectrum of the dynamical spin correlation function of a gapless KSL. The system is described by a generally p-h asymmetric interacting resonant level model of spinless superconductors and the dynamics resembles that of a Kondo problem. The p-h asymmetry competes with the magnetic field and results in a rich phase diagram in the system. The magnetic field breaks the gauge equivalence of the FM and AFM Kitaev couplings of the ground state and the two cases behave very differently in the local magnetic field. The ferromagnetic KSL magnetizes much faster in the magnetic field than the anti-ferromagnetic KSL. The AFM case experiences a first order phase transition during magnetization whereas there is no phase transition for the FM coupling case. This study can be generalized to the KSL in a uniform magnetic field and help understand issues in current experiments. In this section, we compute the matter fermion Green's function (GF) of the gapless KSL ground state.
) and the susceptibility ξ = ∂M/∂h ∝ − ln h as h → 0.
Hysteresis loop of the magnetization curves from the MFT for the anti-ferromagnetic Kitaev couplings In this section, we have a briefly explanation of the magnetization curves obtained from the MFT for the AFM couplings shown in Fig. 2(b) and Fig. 3(a) in the main text.
The free energy vs. magnetic field shows discontinuity when the magnetic field h is increased or decreased in one direction as shown in Fig. 4 . This is typical for a first order phase transition. However, the transition points for the up and down processes are different due to the superheating and supercooling effects. As a result, the magnetization curves show hysteresis for h going up and down as shown in Fig. 5 . The reason for the superheating and supercooling effects is because the free energy in the MFT is trapped in a local minimum, or metastable state before the transition in the calculation. The crossing point of the up and down cycle corresponds to the global minimum of the free energy at the transition and is then the intrinsic MFT phase transition point we presented in the magnetization curves in Fig.2b and Fig.3a in the main text.
FIG. 4:
The free energy vs. magnetic field h for h going up and down at γ ≡ Jz/|Jx| = −1. The level crossing point is the global minimum energy point at the transition. At this point, the global minimum energy shows discontinuity from the blue curve to the red dashed curve, which indicates a first-order transition.
